The endangered European relict species complex Lathyrus pannonicus shows distinct morphological variation, reflected by the number of subspecies recognized, and complicated patterns of genetic variation. The traditionally recognized subspecies appear to possess different ecological preferences and disjunct distributions, particularly in the western range of the species. In this study, L. pannonicus was investigated by the correlation of distance matrices based on phytosociological, ecological, molecular and morphological data. Ecological characteristics of selected stands of L. pannonicus throughout Europe were assessed using 'Ellenberg values' of all the constituent taxa in phytosociological relevés. Genetic distances were calculated using recently developed methods to analyse high degrees of intra-individual nuclear-encoded internal transcribed spacer variability. We found that the remarkable genetic (and morphological) diversity in L. pannonicus could not be explained solely by the fragmentation of the distributional range. Instead, patterns of morphological and genetic differentiation were a reflection of the moisture regime in the sampled stands. Two major lineages could be identified: (1) a lineage adapted to dry conditions (Ellenberg indicator F-value Յ 3.5) and (2) a lineage preferring moist conditions (F-value Ն 4.5). Although both lineages occurred in close proximity in the Pannonian area, they appeared to be reproductively isolated in general. Further data are needed to determine whether these genetically and ecologically defined lineages, or ecospecies, within the L. pannonicus species complex can be formalized as (Linnaean) species or subspecies.
INTRODUCTION
Lathyrus L. is a species-rich genus of herbaceous plants in Fabaceae (tribe Fabeae Rchb., formerly Vicieae DC.) with 42 accepted species in Europe (Flora Europaea, 1998 -2005 . Members of the five genera of Fabeae (Lathyrus, Lens Mill., Pisum L., Vavilovia Fed., Vicia L.) are common throughout Europe and include crops such as peas (Pisum sativum L.) and lentils (Lens culinaris Medik.). Seeds and other parts of Lathyrus are potentially edible (Allen & Allen, 1981) , but contain variable amounts of the neurotoxic b-N-oxalyl-L-a,b-diaminopropionic acid (e.g. Fikre et al., 2008; Sanchez Vioque, de los Mozos Pascual & Rodriguez Conde, 2009) , which can cause a disease known as neurolathyrism (Selye, 1957; Spencer & Schaumburg, 1983; Spencer et al., 1986) . Lathyrus sativus L., the grass pea, has traditionally been cultivated as food for humans and animals (e.g. Mera et al., 2000; Ur-Rehman et al., 2008; Smulikowska et al., 2008) in North Africa, South Asia, (eastern) Europe and South America, especially in areas affected by frequent or widespread famines (e.g. mediaeval Europe, Barrow, Simpson & Miller, 1974; modern Ethiopia, Getahun et al., 2005; Bangladesh, Haque et al., 1996) .
Among the European species of Lathyrus, L. pannonicus Garcke is exceptional because of the large number of accepted subspecies (five in Flora Europaea, 1998 -2005 ; one in Central Asia; Bässler, 1981) and a relict/disjunct distribution. According to Bässler (1981) , Meusel, Jäger & Weinert (1965) , Ball (1968) , Flora Europaea (1998 -2005 and data compiled for the Global Plant Checklist (IOPI, 1996 (IOPI, -2007 , the distribution can be roughly described as a belt ranging from the Altai Mountains (Russia and north-east Kazakhstan) via the Crimean Peninsula and the Balkans to northern and central Spain (Table 1) . However, this distribution is highly fragmented (Fig. 1) . In addition to the disjunct populations defining the western (Spain, mainly Cantabrian Mountains; cf. Gallego & Talavera, 1999) and eastern (Altai; Crimean Peninsula; cf. Fedchenko, 1972 Fedchenko, [1948 ) borders, (small) isolated populations are (were) found in the Cevennes (southern France), in the Loire Valley (central France: Coste, 1937; Guinochet & de Vilmorin, 1984 ; the latter possibly extinct: Fournier & Hubert, 2005 onwards; M. Schlee, pers. observ., June 2001) , the Maritime Alps (Chas, 1994; Aeschimann et al., 2004) , southwestern Germany (Albvorland/Neckarland; population near Gau-Algesheim in Rheinhessen extinct, Bässler, 1981; Schlee, Sauer & Hemleben, 2003) and the Italian Apennines (Pignatti, 1982; Mortellaro & Colasante, 1997 ; Fig. 1 ). An isolated population in the southern foothills of the Italian Alps (Monte Baldo, Veneto; Bässler, 1981; Pignatti, 1982) has probably been lost (M. Schlee, pers. observ., June 2001 and June 2002; already doubtful in Goiran, 1900 ; herbarium specimen stored in Florence [FI] , cited in Bässler, 1981 , is a donation from Barbarin to Parlatore dated January 1842). In Italy, the species is still relatively abundant around Trieste and on the Istrian Peninsula (Pignatti, 1982; Poldini, 1989; M. Schlee, pers. observ., MayJune 2000) . A more or less closed distribution area is confined to the Pannonian Basin and central Balkans (Jacquin, 1773; Bässler, 1981; Fischer, Adler & Oswald, 2005) . Populations are under considerable threat and the species is categorized as 'endangered' in several European states (Schnittler et al., 2001) . The occurrence and abundance are drastically declining in Austria (cf. Janchen, 1956 Janchen, -1960 Fischer et al., 2005;  M. Schlee, pers. observ., 2000 Schlee, pers. observ., -2004 and Germany (compare Haeupler, Schönfelder & Schuhwerk, 1988 with Lang & Wolff, 1993; cf. Schlee et al., 2003) , and require special protection (Niklfeld & SchrattEhrendorfer, 1999; Wörz, 1992; Breunig & Demuth, 1999; Welk, 2002 ; see also Fournier & Hubert, 2005 onwards, for France; Cervoský et al., 1999, for Slovakia; and Witkowski, Król & Solarz, 2003 , for the Carpathians). Herbaria contain numerous L. pannonicus specimens of various provenances (Bässler, 1981; M. Schlee, pers. observ.) including extinct populations (e.g. Loire Valley; Monte Baldo). Mayer (1925) and Bässler (1981) (Schlee, 2004) . For example, mass populations found in the Abruzzo (central Italy; this study) were associated with paddocks. Within fringe communities, one of the typical habitats of L. pannonicus in central and western Europe, individuals are typically found in disturbed places, e.g. along footpaths. The vegetation coverage is generally < 100% (Table S1 , see Supporting Information). Management systems for nature protection areas that prefer cutting to grazing to protect marginal and improvident vegetation units throughout Europe are disadvantageous for L. pannonicus (Schlee et al., 2003; Schlee, 2005) . The monitoring of German relict populations and those close to Vienna (Wiener Hausberge) revealed that stands of L. pannonicus are highly susceptible to overgrowth by Robinia pseudoacacia L. and other shrubs (Böcker & Dirk, 2004; M. Schlee, pers. observ., 1996 onwards) . In fringe communities, the species is not only overgrown by shrubs and trees, but also crowded out by commonly associated herbs (e.g. Geranium sanguineum L., Peucedanum cervaria Cusson ex Lapeyr.) and grasses (e.g. Arrhenatherum elatius P.Beauv., Brachypodium pinnatum P.Beauv.; Table S1 ; Schlee, 2004; Hédl, Kopecký & Komárek, 2010) .
Preliminary data on nuclear-encoded rDNA spacers (internal transcribed spacers ITS1/ITS2 and 5′ external transcribed spacer) revealed a remarkably increased intraspecific diversity and intra-individual ITS variability within members of the L. pannonicus species complex (Schlee et al., 2003; Grimm et al., 2005) . This is in contrast with the general pattern that rare species have lower genetic diversity than common species (Gitzendanner & Soltis, 2000; Cole, 2003 ; but see, for example, Gunnarsson, Hassel & Söderström, 2005; Kang, Jiang & Huang, 2005; Schlee et al., 2010) . High levels of intraspecific (Schlee et al., 2003; this study) traditional phylogenetic analyses and a molecular division at and below species level in Lathyrus (Asmussen & Liston, 1998; Kenicer et al., 2005) . Bässler (1981) Meusel et al. (1965) , Flora Europaea (Ball, 1968) and Bässler (1981) including personal observations performed in the field (M. Schlee, 1999 Schlee, -2010 . Stands of L. pannonicus in Europe analysed here are indicated using the corresponding relevé labels (relevés provided in Table S1 ). For three stands ('K1|K2', 91H|92H|S50", 'R2|R3'), the relevés cover several years. ' †', Populations (Ball, 1968) . Two of the subspecies recognized by Bässler occur sympatrically (subsp. collinus and subsp. pannonicus; Table 1 ; Fig. 1 ) and are considered to be ecologically isolated (Bässler, 1981) . That most subspecies of L. pannonicus sensu Bässler have clearly distinct geographical ranges (Table 1; Bässler, 1981) may explain why the isolated westernmost stands of subsp. collinus (north-east Spain; Cevennes) have been overlooked by Bässler (1981) and local taxonomists (e.g. Gallego & Talavera, 1999) . Although these individuals have been commonly assigned to subsp. asphodeloides and subsp. longestipulatus, they are morphologically distinct. Most individuals, from herbaria or in the field, can be unambiguously identified to subspecies level using the morphological parameters provided by Bässler's concept if the roots, subaerial vegetative parts and flowers are available (Schlee et al., 2003; this study) .
Prior to Bässler and Ball, Meusel et al. (1965) recognized only two ecologically different subspecies based on the shape of the storage roots (following Gams, 1924; cf. var. 'microrrhizus' and 'macrorrhizus' in Mayer, 1914 , and earlier studies, e.g. Ortmann, 1853) : (1) a more or less xerophytic subsp. collinus (including most of subsp. varius) with thin storage roots, and (2) subsp. pannonicus (including subsp. asphodeloides and longestipulatus and part of subsp. varius; Meusel et al., 1965: map K254d) with thick storage roots and typically found in more moist habitats (Bässler, 1981; Schlee et al., 2003) . Thus intraspecific differentiation in L. pannonicus may not be caused merely by the geographical fragmentation of the populations, but also by additional factors such as shifts in habitat preferences (adaptive radiation).
Habitats can be characterized by the set of taxa that co-occur (the plant community) and their abundance using the survey technique of Braun-Blanquet (BraunBlanquet, 1964; Mueller-Dombois & Ellenberg, 1974: 58ff .; an extended fine-scale classification is described in Dierschke, 1994) . This approach, known as 'phytosociology', considers a plant community to reflect local ecological parameters; differences in plant communities indicate differences in ecology (BraunBlanquet, 1964) . In addition, Ellenberg indicator values (Ellenberg, 1979; Ellenberg et al., 1992) of the taxa recorded can serve as a means of defining the (ecological) similarity or dissimilarity between habitats. Ellenberg indicator values are 'quick estimates for ecological interpretations' (Ellenberg et al., 1992: 249) . In combination with the phytosociological information, the general ecological setting of the habitat can be described (Ellenberg et al., 1992) , even if the data matrix is incomplete (Ewald, 2003) . The set of taxa forming a plant community is also a function of the geography, as many species are geographically restricted. Hence, the geographical distances between the analysed populations ought to be considered when investigating the correlation between ITS divergence, morphology and habitats (ecological setting).
Using L. pannonicus as a model organism, we explored its habitat preferences, geographical, molecular (ITS region including ITS1, 5.8S rDNA and ITS2) and morphological differentiation patterns to address the following questions. A straightforward way to answer these questions is to test the correlation of distance matrices based on the four datasets using Spearman's correlation values and permutational probabilities (Legendre & Lapointe, 2004 ; for further applications, see Auch et al., 2006; Göker & Grimm, 2008) . Habitat distances are based on either the presence/absence or abundance (Braun-Blanquet, 1964) , or on ecological properties ('behaviour'; Ellenberg et al., 1992) . Geographical distances can be established using the GPS coordinates of the analysed stands. Inter-stand ITS distances can be calculated using the transformations described by Göker & Grimm (2008) that allow the transformation of data matrices of 'associates' (here: cloned ITS data) into those of 'hosts' (here: stands). Morphological distances are based on a matrix of discrete and continuous characters, mainly assembled from Bässler (1981) . Understanding the relationship between the level of genetic (here: ITS) and morphological differentiation in L. pannonicus, the (ecological) characteristics of the preferred habitats of its subpopulations and the influence of the geographical distribution on the other three datasets will be a first step to identify the major forces in the evolution and speciation of L. pannonicus and to define protection units, i.e. populations warranting protection.
MATERIAL AND METHODS

DATA MATRICES
The analyses are based on 21 Braun-Blanquet surveys (relevés , Table S1 ) covering 17 stands of L. pannonicus (Fig. 1) . Three of the stands have been repeatedly surveyed for 2 or 3 years. The stands were selected to cover most of the ecological and biogeographical range inhabited by subspecies of L. pannonicus in Europe (Fig. 1) . The genetic diversity of L. pannonicus was assessed using a representative set of 112 cloned ITS sequences obtained from 25 individuals growing at the 17 surveyed stands (voucher information and accession numbers provided in Table S2 , see Supporting Information). Cloned sequences were obtained following the procedures detailed by Denk et al. (2002) with the following modifications: amplification used the primer pair 5′-GCGAGAATTCCACTGAACCT-3′ (forward) and 5′-ACGAATTCCCTCCGCTTATTGATA TGCTTA-3′ (reverse). Clones were sequenced using the facilities of the University of Tübingen and by a commercial laboratory. For comparison, 153 ITS sequences from additional individuals of L. pannonicus and L. ledebourii are available. They were not included in the analysis owing to the lack of corresponding phytosociological data. The morphological data matrix relied mainly on characters provided by Bässler (1981) ; the same characters were used to identify the subspecies in the field. We refrained from sampling plants for new morphometric data because of the threatened status (often only a few individuals) of L. pannonicus at the surveyed stands.
ESTABLISHMENT OF INTER-STAND HABITAT DISTANCES
To identify a potential ecological signal, distances that reflect the similarity of the habitats at the analysed stands can be used. A direct phytosociological approach is to consider the similarity between two habitats to be dependent on the proportion of shared species. More sophisticated distances consider the abundance of the species or their ecological properties (here: using Ellenberg indicator values). Thus, the taxon sets provided by the Braun-Blanquet surveys (phytosociological relevés; Table S1 ) were used to compute BrayCurtis distances (Legendre & Legendre, 1998: 287) between the stands. The abundance information was either scored as presence/absence data, applying a cut-off between the abundance codes 'r' ('rare': one individual) and '+' ('few': two to five individuals; BraunBlanquet, 1964), or transformed into an ordinal scale between 0 and 10 (for the original values 'v', 'r', '+', '1', '2m ', '2a', '2b', '3', '4' and '5', in order; for definitions, refer to Braun-Blanquet, 1964 and Dierschke, 1994) . In addition, mean Ellenberg indicator values, such as L ('light figure', Ellenberg et al., 1992) , indicating the exposure to light, T ('temperature figure'), referring to the temperature regime (Arctic-Mediterranean; alpine level-lowland), K ('continentality figure', occupied range in western Eurasia), F ('moisture figure'), R ('reaction figure', soil acidity and lime content), N ('nitrogen figure', availability of inorganic nutrients, such as nitrogen, potassium, phosphorus and magnesium) and S ('salt figure', salinity), were used to generate ecologically interpretable distances between relevés. Ellenberg indicator values for most recorded taxa (Table S4 , see Supporting Information) follow Ellenberg et al. (1992, compiled on diskette: Version 3.1, July 1993). Again, presence/absence coding, using the average indicator values of the plants judged as 'present', and abundance coding were applied. For the latter, we calculated the weighted average for each stand as the sum of the products of the recoded abundance (as weight; see above) and the indicator value for all species in the stand, divided by the sum of all their weights. A small number of taxa not considered in the list of Ellenberg et al. (1992) were removed prior to the calculation of the mean indicator values (Ewald, 2003) . In principle, the original values defined by Ellenberg et al. (1992) are valid only for Central Europe. The same rules can be used to generate analogous values for other areas (Hill et al., 2000) , which is unnecessary in our case. Conditions found, for example in Spain, were directly comparable with those found in Central Europe because they were azonal (respectively mountainous) within the Mediterranean. Being relict stands, they offer basically the same habitat and inventory of concomitant flora as found in Central Europe.
ESTABLISHMENT OF GEOGRAPHICAL DISTANCES BETWEEN STANDS
Geographical distances were calculated as Euclidean distances (Legendre & Legendre, 1998: 278) between data points with the longitude and latitude measures as coordinates. Because these distances were linearly correlated with the more realistic Chord (Legendre & Legendre, 1998: 279) distances, and because a nonparametric correlation was used (see below), Euclidean distances were sufficient for our purpose. They represent the linear (air-line) distance between two stands as a lower bound for the effective geographical distance, which might be longer because of geographical barriers. It can be assumed that these coordinatebased distances reflect, to some degree, the effective distances to be overcome by pollinators and seeds, which are crucial for the maintenance of gene flow.
ESTABLISHMENT OF INTER-STAND GENETIC (ITS) DISTANCES
In the light of the high intra-individual variability and potential inter-individual variation, genetic distances between the stands (here: based on ITS) can be calculated using the transformations described by Göker & Grimm (2008) that allow transformation of data matrices of 'associates' into those of 'hosts'. The sequence character matrix of 112 L. pannonicus clones (as associates; see Supporting Information S3), including data for ITS1, 5.8S rDNA and ITS2, or a matrix of pairwise distances based on these sequence data, was used as input data. The stands are defined as hosts. In this particular case, this is possible because the Lathyrus populations at each stand appeared to be morphologically homogeneous; hence, it can be assumed that they are members of the same biological unit (closest relatives). The program G2CEF (Göker & Grimm, 2008 ; available at http://www.goeker.org/mg/distance/) permits the transformation of the primary character matrix (cloned data, as associates) into character matrices of the stands (hosts). The transformed characters represent either the frequency of a nucleotide at a specific sequence position within all clones representing a stand (FRQ) or the modal (MOD) and strict (CON) consensus of nucleotides. Uncorrected pairwise distances between the stands (hosts) were then computed on the basis of the transformed character matrices using PAUP* version 4b10 (Swofford, 2002) . The program PBC (Göker & Grimm, 2008 ; also available at http://www.goeker.org/mg/distance/) allowed the transformation of genetic distances between the associates (ITS clones) into distances between the hosts (stands) using the transformations PBC ('phylogenetic Bray-Curtis'; see Göker & Grimm, 2008 for an explanation) and MIN (inter-host distance equals the minimal found distance between clones of either stand).
ESTABLISHMENT OF INTER-STAND MORPHOLOGICAL DISTANCES
Morphological distances for the correlation with the other data matrices were established as follows: morphological features differing at the infraspecific level were tabulated and coded as discrete or continuous characters. In total, 12 morphological characters were compiled from the literature following Bässler (1981) and his subspecies concept (Table S5 , see Supporting Information); the same concept was used to identify individuals of a certain subspecies in the field. Plants at each stand were morphologically uniform and can be considered to belong to the same subspecies. Individuals at one stand (Rovere, Abruzzo) were found to be morphologically intermediate between the described subspecies, and were treated as a distinct entity. In contrast with Bässler (1981) , the southwestern German populations (L. suevicus A.Mayer) were treated as a distinct taxon at the level of subspecies following Mayer (1914 Mayer ( , 1925 ; see also Wörz, 1992 Table S5 ).
CORRELATION OF DISTANCE MATRICES
The significance of correlation between distance matrices was established using the software CADM (Legendre, 2001) , which calculates the permutational probability of the Spearman rank correlation values between distance matrices, the null hypothesis H0 being that the correlation is no higher than expected by chance. We applied 10 000 random permutation replicates for each pairwise comparison. Results (including all calculated Spearman correlation values and probabilities of H0) are given in Table S6 (see Supporting Information).
VISUALIZATION
The distance matrices based on transformed ITS data were visualized using the neighbor-net algorithm (Bryant & Moulton, 2002 , 2004 implemented in SplitsTree 4 (version 4.10; Huson & Bryant, 2006) . The neighbor-net algorithm computes a planar phylogenetic network based on a distance matrix and, hence, allows the accommodation of incompatible splits proposed by the data in contrast with phylogenetic trees. Because of the likelihood of nontreelike signals, we opted for phylogenetic networks instead of a tree to visualize the genetic distance matrices. Similarity between habitats based on the abundance and presence/absence scored Braun-Blanquet surveys were visualized by subjecting the distance matrices to principal coordinates analysis (PCoA; Legendre & Legendre, 1998: 424-426) . Principal coordinates were calculated using AxPCoords (Stamatakis et al., 2007) , and the two coordinates with the largest eigenvalues were plotted using R (http://www.rproject.org/) version 2.6.2.
RESULTS
A total of 112 ITS sequences was obtained from 25 individuals of 17 stands. The individuals at each stand were identified on the basis of morphology. In most cases, they were identified as members of one of the six recognized subspecies: asphodeloides, collinus, longestipulatus, pannonicus, suevicus and varius; one morphologically ambiguous type was collected in Rovere, Abruzzo ('Rovere type' in the following). None of the investigated stands showed a mixture of subspecies or morphotypes. The 17 stands were phytosociologically mapped using the survey technique established by Braun-Blanquet (Table S1 ). For the purpose of the present study, the relevés were not interpreted following the phytosociological classification system of Braun-Blanquet, i.e. no formalized plant associations were used. In total, 209 different plant species and subspecies were recorded at the investigated stands. Eleven additional taxa were not determined to the species or were not included in Ellenberg's list, and had to be removed before calculating average values (Table S4) .
HABITAT DISTANCES BASED ON PHYTOSOCIOLOGICAL SURVEYS
The final character matrix comprised all 21 relevés and 209 characters (recorded plant taxa). The results of a PCoA based on the two matrices of Bray-Curtis distances between the relevés revealed a clear biogeographical signal (Fig. 2) . Repeated relevés at the same localities (91H, 92H and S50; K1 and K2; R2 and R3) were clustered. Therefore, one relevé was randomly selected per locality and used in the subsequent analyses. Geographically close stands were clustered (Fig. 2) . Exceptions were geographically close stands of L. pannonicus subsp. varius in Istria (Fig. 1) : R11 (Divača, Slovenia) and R13 (Trieste, Italy) resembled the stands of L. pannonicus subsp. collinus in Hungary, whereas R12 (Sežana, Slovenia) was most similar to the Austrian stands (subsp. collinus and subsp. pannonicus), in particular R1 (Kalksburg, Vienna).
Classification of the habitats according to their mean Ellenberg F-values, reflecting the moisture regime of a stand (Table 2) , revealed the first evidence for an additional ecological signal. A line could be drawn separating stands with a dominance of taxa indicating dry conditions (F < 4) from those with a dominance of taxa characteristic of moist habitats (F > 4; Fig. 2 ). Using this line as a guide, the stands that were inhabited by the defined infraspecific taxa of L. pannonicus showed a conspicuous pattern: dry stands of L. pannonicus subsp. collinus appeared to be more similar to those of the dry-adapted subsp. suevicus and drier stands of subsp. varius, whereas moister stands of subsp. collinus and subsp. varius were more similar to those of the moist-adapted subsp. longestipulatus, subsp. pannonicus and the Rovere type.
PATTERNS OF GENETIC (ITS) AND MORPHOLOGICAL
DIFFERENTIATION IN L. PANNONICUS In L. pannonicus, intra-individual ITS variability was as high as the variation among individuals from the same or different stands (Table 3 ; comprehensive data can be found in Table S7 , see Supporting Information). Thus, genetic differentiation between the 17 surveyed stands was analysed using accordingly transformed data and phylogenetic reconstructions that accounted for incompatible signals. Contrary to the results from habitat distances (Fig. 2) , the ecological signal (Table 2 ), reflected to some degree by the detected subspecies (Fig. 2) , was stronger than the biogeographical signal in the phylogenetic network based on inter-stand, PBC-transformed, genetic distances (Fig. 3 ). Exceptions were stands R2/R3 and R13, both represented by a limited number of clones (stand R6 could not be included because only a single ITS clone was obtained). Their position in the graph could be a sampling artefact. Contrary to the results above (Fig. 2) , a biogeographical subdivision could be recognized within each ecological cluster ( Fig. 3 ; cf. Table 2) .
Although individuals in each stand (local populations) could be assigned to the same subspecies of L. pannonicus, a strict association between morphotype (subspecies) and habitat was not found. On the one hand, members of the morphologically similar subspecies collinus and suevicus (pairwise mean morphological distance MD = 0.042; Table S5 ) occurred in dry habitats ( Fig. 2; Table 2 ), and stands comprising the morphologically similar subsp. pannonicus and the enigmatic Rovere type (MD = 0.04; Table S5 ) were dominated by taxa indicating moist conditions ( Fig. 2 ; Table S1 ). On the other hand, morphologically highly similar populations, e.g. populations representing subsp. collinus in the Maritime Alps and the Pannonian Basin, occurred in both dry and relatively moist habitats ( Table 2 ). The same applies to members of subsp. varius (Istrian Peninsula). These two ecologically more variable taxa (subsp. collinus and subsp. varius) are morphologically distinct (MD = 0.34; Table S5 ), despite their relative geographical proximity (Fig. 1) .
CORRELATION OF DISTANCE MATRICES
The transformations applied to the ITS data showed no correlation with the number of associates (ITS clones) per host (stand), indicating the absence of a sampling size bias. Overall, the (varying) number of clones sampled per stand had no statistically significant ECOLOGICAL SPECIATION IN L. PANNONICUS 409 Figure 2 . Principal coordinates analysis (PCoA) of Bray-Curtis habitat distance matrices. Distances are based on the relevé data (Table S1) using two scoring systems. A, Abundance (recoded Braun-Blanquet codes) scoring. B, Presence/ absence scoring (see text). Relevé labels (e.g. 'K1') refer to Figure 1 and Table S1 . Mean F-values of each stand are listed in Table 2 . In online version of figure, Gradual coloration refers to mean F-values (moisture regime, Ellenberg et al., 1992) of the corresponding habitat: dry (red, F < 3.5) to moist (blue; F > 5).
effect on the inferred inter-stand distance matrices. The resultant genetic distances were significantly correlated with each other (P Յ 0.0022; see Table S6 for a complete list). The highest correlation was found between PBC-and MIN-transformed distances (0.88), the lowest between CON and MOD (0.32). The two scoring schemes, presence/absence versus abundance scoring, for the taxon lists of Braun-Blanquet relevés showed a strong correlation. In other words, the absolute abundance of taxa was of minor importance in characterizing the differences between stands. This was also found for the Ellenberg indicator value-based distances: the correlation between Ellenberg valuebased mean distances using presence/absence and abundance scoring was 0.94. The lowest correlation was found for the distances based on the salinity values (S-value). Some of the Ellenberg values showed a significant correlation between each other. For instance, distances based on the moisture values (F-value) showed a correlation with distances based on Table S1 for details. †Categories labelled as follows. Indicators of dry sites dominate (F = 3; Ellenberg et al., 1992) : 'dry', mean F-value < 3.5; 'dry trend', mean F-value = 3.5-4. Indicators of moist sites dominate (F = 5; Ellenberg et al., 1992) : 'moist trend', mean F-value = 4-4.5; 'moist', mean F-value > 4.5. The driest and wettest stands are highlighted in bold. the continentality values (K-value; abundance scoring), and nutrition (N) and salinity (S) values (both scoring schemes). Of 12 morphological characters, two were found to correlate with most other morphologybased distances, namely leaf length and length ratio of inflorescence to leaf (LIL). These showed the highest correlation (0.76) among all morphology-based matrices. A relatively high correlation was also found between LIL (and leaf length) and plant height and length of flower. Table 2 ). Gradual coloration refers to the mean F-value (moisture regime, Ellenberg et al., 1992) for the corresponding stand: dry (red) to moist (blue; Fig. 2 ; Table 2 ). Edges are scaled in terms of the expected number of substitutions per site.
M. SCHLEE ET AL.
Statistically significant correlations (for a summary, see Table 4 ) were found between the interstand habitat distances and the geographical distances. This applies to the Bray-Curtis distances and to the Ellenberg indicator values. A significant correlation was also found between several of the morphology-based and Ellenberg value-based distance matrices, but no such correlation was found between morphology and Bray-Curtis distances. Low (0.28-0.36), but statistically significant (P Յ 0.0068), correlation was found between the mean F-value (moisture regime) and mean S-value (salinity), respectively, and two or four of the transformations applied to the ITS data. Transformed ITS data and morphology were not correlated with geography. In conclusion, the patterns of genetic ITS differentiation (and morphology) were influenced by a series of factors other than, or in addition to, the biogeographical setting (disjunct distribution patterns). The Ellenberg indicator value-based distances that showed the highest correlation with ITS data and morphology were those based on the F-value (moisture regime).
DISCUSSION EFFECT OF GEOGRAPHY AND BIOGEOGRAPHY
The similarity between plant communities containing L. pannonicus is mainly controlled by their geographical position ( Fig. 2; Table 4 ), although there are ascertainable differences in the habitats as reflected by the ecological properties of the stands (e.g. mean F-value; Fig. 2 ; Table 2 ). For instance, the plant communities of Hungarian stands (relevés R8, R9, R10; Fig. 2 ) are most similar to each other and to the adjacent Istrian stands, and less similar to relevés of stands in central and western Europe, in particular Germany and France.
Given that L. pannonicus is a species in decline, one might have expected that the patterns of morphological and ITS differentiation would have been predominantly a result of the disjunct distribution of contemporary populations and would have been geographically associated (disrupted gene flow; e.g. Templeton et al., 2001; Wares, 2001; Schönswetter, Popp & Brochmann, 2006; Qiu et al., 2009; Clark et al., 2010; McCraney et al., 2010) . In contrast, we did not find a correlation between inter-stand geographical and morphological and/or genetic distances (Table 4) . Adjacent stands do not necessarily represent genetically closest relatives (Fig. 3) . The subspecies longestipulatus (north Spain) and varius (Istrian Peninsula) differ from geographically adjacent stands of subsp. asphodeloides (south-east France), subsp. collinus (north-east Spain; south France; Hungary) and the Rovere type (central Italy). This implies that the pattern of morphological and molecular differentiation seen in European L. pannonicus is not the result of a single event or process of area disruption, but rather reflects multiple events of (adaptive) radiation and area shifts. Similar observations have been made in other European (complex) species, including several species of Ranunculaceae (Turesson, 1931) and Biscutella laevigata Sibth. & Sm. (Brassicaceae) (Parisod & Besnard, 2007) .
MORPHOLOGY AND INFRASPECIFIC CLASSIFICATION
The morphological differences between the subspecies of L. pannonicus appear to reflect ecological adaptations (Figs 2, 3 ; Tables 2, 4), but are not entirely congruent with the character suites used to discriminate infraspecific taxa by Bässler (1981) . In view of our results, Bässler's (1981) concept of subspecies recognized too many taxa. Phytosociological, ecological and genetic evidence (Figs 2, 3; Table 2 ) allows two major lineages to be distinguished: a moistureloving lineage (comprising subspecies asphodeloides, pannonicus and longestipulatus and the Rovere type) and a dry-adapted lineage (comprising subspecies collinus, suevicus and varius; Fig. 1 ; Table 5 ; see also Meusel et al., 1965) . The character with the best correlation to the mean Ellenberg indicator values is the length ratio of inflorescence versus leaf (LIL ;  Tables S4 and S6 ). Morphotypes that occur at stands with a mean Ellenberg F-value of Ն 5 (Table 2) also exhibit increased LIL (2-4; 1-2.5 in the dry-adapted lineage; Table 5 ; cf. Bässler, 1981) . In addition to LIL, two further characters show a significant correlation with the F-value (Table S6) . Only the combination of thick storage roots with high LIL would unambiguously indicate a member of the moisture-loving lineage, whereas other combinations would be uninformative (Table 5 ). As our morphological data matrix is based on the literature and Bässler's concept of subspecies, not on primary field data, a formal taxonomic revision would be premature at this point. Lathyrus pannonicus is an endangered species; hence, our collection comprises an insufficient number of complete specimens that could be used for morphometric analyses. Nevertheless, the present study has pinpointed those characters (some of which have been used for infraspecific taxonomy by Bässler [1981] and others) that may be of high systematic value for circumscribing the two major lineages (LIL, thickness of storage roots; see Table 5 ).
We found no significant correlation between morphology and patterns of ITS differentiation, with one exception: the ecologically informative LIL ratio correlates with MIN-transformed ITS distances (Table 4) PBC, MIN, acronyms of transformation devised by Göker & Grimm (2008) ; pres./abs., presence/absence; RT, thickness of storage root. The complete table is provided as online supporting material (Table S6) .
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ECOLOGICAL SPECIATION IN L. PANNONICUS 415 not generally congruent in L. pannonicus (Fig. 3) . Morphological data (circumscription of subspecies; Bässler, 1981) are not in full agreement with either the ecological characteristics of the investigated stands (Tables 2, 4 ) or the molecular differentiation patterns (Fig. 3) . On the other hand, molecular data are highly consistent with the distinction of two evolutionary lineages defined by different habitat preferences, two 'ecospecies' (Turesson, 1922a (Turesson, , b, 1925 ; for more recent applications, see Kalinganire, Pinyopusarerk & Williams, 2002; Brosse, Grossman & Lek, 2007) , within a polytypic 'morphospecies' L. pannonicus ( Fig. 3 ; Tables 4, 5 Lang & Wolff, 1993) , such morphometric data will need to incorporate data from the large collections in herbaria in addition to further molecular and phytosociological surveys (Schlee et al., 2003; M. Schlee, unpubl. data) . These data were not included in the present study, because we wanted to test the correlation of all four datasets.
ECOLOGICAL DIFFERENTIATION IN L. PANNONICUS
Patterns of ITS and morphological differentiation converge if the mean Ellenberg F-values of a stand are used as an additional source of information (Figs 2, 3; Tables 2, 4, 5) . This is remarkable considering the complex and, to some degree, puzzling morphological and genetic differentiation found in the L. pannonicus species complex (Tables 3, 5 ) and the discontinuity of its distribution ( Fig. 1 ; Meusel et al., 1965; Bässler, 1981) . The fragmentation of the distribution area may have accelerated the fixation of these patterns (cf., for example, Templeton et al., 2001; Clark et al., 2010) (Bässler, 1981) .
With the uplift of the Tibetan plateau in the Neogene, Central Asia became progressively drier. Consequently, the open landscapes typical of the Altai foothills in modern Kazakhstan were shaped that host (or have hosted) a significant population of L. pannonicus (subsp. multijugus) and L. ledebourii (Bässler, 1981 ; more recent census data are not available). Increased continentality also affected most parts of western Eurasia from the late Miocene onwards: the Pliocene to Holocene of large parts of Europe was characterized by the extension and shrinking of steppe-like environments and vegetation (Mai, 1995 (Mucina & Kolbek, 1993: 275ff.; Schlee et al., 2003; Aeschimann et al., 2004 ; for historical context, see Wilmanns, 1988) . From Central Europe, both lineages could have colonized more western localities using suitable corridors north and south of the Alps. Colonization was possibly asynchronous because of the different ecological requirements of the lineages (this study): during wetter periods, the dry-adapted populations were probably isolated from each other (increased genetic drift) and came into contact with the expanding wet-loving populations, permitting the possibility of locally restricted inter-lineage gene flow, whereas the latter underwent a period of increased intra-lineage gene flow and homogenization (the situation was reversed in dry periods).
LATHYRUS PANNONICUS, ONE SPECIES OR TWO?
If one applies a traditional, 'pattern-based' definition of species and subspecies, as advocated by Mallet (1995) , we need to focus on the differentiation patterns that emerge(d) when two (potential) sibling species come (or came) into contact (see Mallet, 1995 , and literature cited therein; for examples, see Grant & Grant, 2006; Wake, 2006) . If they 'easily fuse', for example by producing numerous intermediates, they can be considered to be subspecies and, if they do not prevalently fuse, they can be considered to be species (Mallet, 1995; see also Mallet, 2001 see also Mallet, , 2008 see also Mallet, , 2010 Grant & Grant, 2006 ; and literature cited therein). The relative similarity between neighbouring stands, such as Gap and R18 ( Fig. 3 ; Tables 2, 5 ) and the collinus-type individual at stand R2/R3 (cf. Appendix S1), could mirror occasional unhindered gene flow and intermixing in (former) contact zones that lead to the formation of intermediate (or ambiguous) types. On the other hand, if the moisture-loving lineage evolved by an ecological shift from populations of the dry-adapted lineage (a 'budding' event), the morphological resemblance of some moistureloving ecotypes to dry-adapted ecotypes could be a relict or a lineage-sorting phenomenon accompanying speciation. Despite these potentially contact-related phenomena, our data indicate that there are, indeed, substantial barriers to unhindered gene flow between the two lineages within L. pannonicus on a rather small geographical scale and in the absence of geographical barriers (Fig. 1) . For example, the dry-adapted and moisture-loving lineages are readily distinguishable in the Pannonian Basin, where they occur in closest proximity, but in different habitats (Figs 1-3 ; Table 5 ; cf. Bässler, 1981; Schlee et al., 2003) . Both lineages are, with the exception of one stand (R2/R3; details given in Appendix S1), morphologically distinct (Tables 5, S5 ). This is comparable with the situation in eastern Kazakhstan and the Russian Altai. There, L. pannonicus occurs sympatrically with its close relative L. ledebourii (Nosova, 1965; Bässler, 1981; M. Schlee, unpubl. ITS data) , the latter being distinguished from L. pannonicus by the lack of storage roots (Tables 1, 4 ; Bässler, 1981) . Furthermore, ecotypes representing both lineages, the dry-adapted (Hungary, south-west Germany, Istrian Peninsula, south France) and moisture-loving (Austria, central Italy, south-east France, north Spain) lineages, are found scattered throughout the range of the morphospecies L. pannonicus ( Fig. 1 ; Meusel et al., 1965: map K251d) . Phases of temporary contact can be assumed (see above); however, characteristic genetic (or morphological) signatures of the two primary ecotypes were not lost or obscured during migratory (range-shaping) processes. Thus, it is reasonable to argue that the complex (polytypic) morphospecies L. pannonicus (Ball, 1968; Bässler, 1981) actually comprises two (eco-)species.
Breeding and cultivation experiments under controlled conditions would be helpful. For example, would individuals from the Gap population (a member of the moisture-loving lineage lacking the typical LIL ratio; Table 5 ) be able to adapt their morphology if placed in more moist environments, or would the moisture-loving ecotypes in Austria or Spain (see Table 5 ), with their highly distinct morphology, adapt to, or thrive in, dry habitats? Mayer (1925, referring to a letter from A. Tscherning, Vienna) reported an experiment conducted by the Austrian professor J. Wiesbaur near Kalksburg, Vienna. Wiesbaur apparently found that the differences between the two morphotypes found near Vienna (already treated as ecologically distinct races or varieties at that time), the generally dry-standing (Wiesbaur in litt.; Mayer, 1925) L. pannonicus 'versicolor' (synonym of subsp. collinus) and the generally moist-standing (Wiesbaur in litt.; Mayer, 1925 ) L. pannonicus 'austriacus' (synonym of subsp. pannonicus), increased when cultivated next to each other for several years. This would further support the idea that the dry-adapted and moistureloving lineages cannot merge freely and would be better treated as two (Linnaean) species ('L. collinus', 'L. pannonicus s.str.'), rather than as subspecies (Meusel et al., 1965) , in analogy with the treatment of L. ledebourii as a distinct species.
CONCLUSIONS AND OUTLOOK
Combined analyses of inter-stand distances based on phytosociological (habitat), morphological and genetic data suggest two major evolutionary lineages (ecospecies) within the morphospecies L. pannonicus. Using matrix correlation, we found that the moisture regime is linked to the detected complex patterns of molecular and morphological differentiation. The next step is to better circumscribe these two major lineages by collecting sufficient morphometric data in addition to more broadly sampled molecular data. Herbarium specimens commonly lack detailed information about the environment (stand, habitat). Nevertheless, the inclusion of data from such specimens is indispensable if the original stand is difficult to access, not available any longer (Loire Valley; Palatinate; Monte Baldo) or highly threatened as in the case of L. pannonicus (Tübingen, south-west Germany; Cevennes; Abruzzo). Testing whether the differentiation patterns remain stable within analyses of a larger dataset will resolve whether the two major lineages should be treated as subspecies or species, and formalize the appropriate taxa.
A distance analysis framework is advantageous for addressing the question of how different divergence patterns are linked. Combining phytosociological monitoring, including information from Ellenberg or other ecological indicator values, broadly sampled molecular data, patterns of geographical distribution and morphological differentiation, it is also possible to define units that require protection efforts as they represent evolutionary stepping stones.
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